‫ﺍﻷﻟﻭﻤﻨﻴﻭﻡ‬ ‫ﺴﺒﻴﻜﺔ‬ ‫ﺇﺠﻬﺎﺩ‬ ‫ﻜﺴﺭ‬ ‫ﺴﻠﻭﻙ‬ ‫ﻋﻠﻰ‬ ‫ﺍﻟﺯﻤﻨﻴﺔ‬ ‫ﺍﻟﻅﺭﻭﻑ‬ ‫ﺘﺄﺜﻴﺭ‬ 6063
Introduction
A luminum alloys have gained a lot of importance due to good mechanical and corrosion resistance properties. Aluminum alloys, of type 6063, which consist of aluminum magnesium, and silicon, are used in several industrial applications (Thornton and Colangelo, 1985) . The addition of magnesium and silicon improves the castability as well as corrosion resistance of these alloys (Helby, 1993) . Alloy 6063 is produced at different tempered conditions, depending on the application required (Hunsicker,1967) . The tempered conditions (i.e., the solutionizing temperature, aging temperature and aging time) are responsible for the wide range of the mechanical properties exhibited by this alloy. Okorafor (1991) studied the effect of 3.5% NaCl solution on corrosion resistance properties of under aged, peak aged and over aged specimen by means of weight loss measurement and a potentiokinetic polarization technique. The results obtained showed that the weight loss and the rate of weight loss were functions of both heat treatment and exposure time. Zajac et al (1993) investigated the hot deformation behavior of AA 6063 and AA 6005. It was found that addition of small amounts of manganese significantly helps in homogenizing and transforming the plate like beta AlFeSi phase to more rounded alpha AlFeSi phase, which increases the ductility of the material. Musulin and Celliers (1990) confirmed that the addition of manganese also increases quench sensitivity of the alloy even when the cooling rate is as low as 50 o C per minute. It was found that the addition of manganese accelerates the transformation of beta AlFeSi phase to a favorable alpha AlFeSi phase.
Fatigue crack propagation in crystalline material is normally divided into two successive stages as investigated by Jiang et al (1990a ) . It was concluded from their experimental work that in stage I a crack develops along the active slip plane and normal to the direction of applied stress. In stage II, the propagation of the crack begins in under aged 6063 Al-Mg-Si alloys. The alloy exhibits heterogeneous deformation and slip bands are formed only by one slip system. There is a strong tendency for single slip system activation, which can be attributed to the high volume fraction and small size of GP zone and low content of dispersoids. Jiang et al (1990 b) studied the effect of different aging conditions on fatigue fracture behavior of Al-Mg-Si alloy with different chemical composition and dispersoid contents. They found that the dispersoid phase could alter the mode of fatigue fracture by influencing the deformation uniformity of the alloy. The 6063 A-A system used for vertical axis wind turbine blades was investigated by Van Den Avyle and Sutherland (1988) . Fatigue analysis for typical materials includes two types of data (a) stress versus number of cycles (S-N curve); and (b) fatigue crack growth rate. The S-N experiment was conducted on A-A 6063 extruded material using 100 bend specimens cycled at fine alternating stress amplitudes. The cyclic crack growth rates were measured using three loading rates. Although considerable work has been conducted on the effect of precipitation, fatigue resistance and age-hardening parameters of 6063 Al-Si-Mg alloy ( Jiang et.al1990 a, Jiang et al 1990 b, VanDen Avyle and Sutherland 1988 , there is still a need to investigate the combined effect of time and temperature on the fatigue properties.
Experimental Procedure
Extruded bars made from 6063 A-A were produced by Oman National Aluminum Company from continuously cast billets. Chemical composition is given in Table 1 .
Fatigue test specimens were prepared from extruded profiles in the College of Engineering workshop at Sultan Qaboos University, according to the BSI 3518 standard specification, as shown in Figure 1 . Solution heat treatment of the prepared specimens was conducted by soaking them at 793 K for 2.5 hours in a furnace followed by quenching in cold water to preserve the super saturated solid solution Al-Mg-Si alloy at room temperature. All the specimens were then kept in the deep freeze zone of the refrigerator to prevent natural aging that might occur at room temperature. The age hardening treatments were conducted in a pick stone oven at temperatures 320K, 340K, 360K, 380K, 400 K, 420 K, 440 K, 460 K, 480 K, 500K, 520K, 540K and 560K using different intervals i.e. 2h, 3h, 4h, 5h and 6h. The fractured surfaces of the specimens were examined using light and electron microscope. Cyclic fatigue tests were conducted at room temperature, using the Every Denson fatigue-testing machine. Constant applied stress of 339 kPa was used until fracture occurred. The number of cycles required to fracture the specimen was counted and taken as a criterion for the fatigue resistance. 
Results and Discussion
The effect of precipitation heat treatment time and temperature on the fatigue fracture behavior of 6063 A-A is shown in Figures 2-4 . It is observed that, as the aging temperature increases, an increase in number of cycles to fail at constant stress is noticed (Figure 2 ). Further increase in temperature causes a sharp increase in number of cycles to fail when heat-treated between 360 K-460 K. Any further increase in precipitation heat treatment temperature would cause a decrease in the number of cycles to fail at constant stress in the 6063-aluminum alloy. From Figure 2 it is confirmed that the best aging temperature is 460 K when the alloy can have maximum fatigue resistance property.
Figures 3 and 4 represent the effect of variable time on the fatigue fracture behavior of 6063 A-A at constant temperature and constant stress. It is clear from the experimental results ( Figures  3-4 ) that the number of cycles required to fail increases with the increase in precipitation hardening time. However, if the heat treatment is carried out for more than 5 hours at higher temperature, the 6063 A-A will fail earlier. It is observed from Figures 2-4 that the best time at which the 6063-aluminum alloy can be made more resistant to cyclic loading at constant stress is between 4 to 5 hours. A further increase in age hardening time will cause an earlier failure in the Al-alloy. It is evident from Figures 2-4 that the best precipitation hardening time and temperature for 6063 aluminum alloy is between 4 to 5 hours at 460 K.
Figures 5 and 6 show the fatigue cracks in a partially and completely broken specimen. The crack path is irregular and gives an indication of a cleavage crack. Most of the partially broken specimens show the same pattern of crack initiation, propagation and termination in peak aged and over aged alloy. The photographic view of the completely broken section of 6063 alloys after fatigue test, is shown in Figure 6 . The irregular crack pattern and crack surface indicates less ductility in the material and fracture appears almost like brittle fracture.
An SEM micrograph of 6063 aluminum alloy fractured surface is shown in Figure 7 when aged for 3 h at 370 K. The photomicrograph shows a number of plateaus that are at different elevations with respect to each other. These plateaus are joined together by a wall which contains fatigue striations. At certain places some cracks are also observed along with the striations. Figure 8 represents a fracture surface of 6063 A-A when heat-treated at 480K for a period of 5 hours. The micrograph shows fatigue striations which are in step like formation. The alloy was heated to peak aged temperature, which has reduced the ductility of the alloy, the surface exhibits a brittle pattern along with widely spaced striations that are nearly parallel to the grain boundary. These striations seemed to be formed by cleavage fracture.
The same specimen when observed at other positions in SEM also shows a cleavage fracture pattern. The fracture was initiated on many parallel cleavage planes (Figure 9) . The cleavage surface also shows fine cleavage steps in the photomicrograph. The lower left hand side of the micrograph shows some parts of the material that have failed with inter-granular behavior. Figure 10 represents a view of low cycle fatigue fractured surface. The specimen was aged for 6 h at 560K. The photomicrograph shows well defined fatigue striations that are clearly visible in SEM. It also shows secondary cracks along with striations at a few places within the grains. Few cleavage steps are visible which also confirms that the ductility of the 6063 alloys is reduced due to over aging. present investigation, it is concluded that the fatigue fracture behavior ndent on the type, size distribution and amount of the precipitated particles produced during precipitation heat treatment (time and temperature). In the under aged (360 K) and peak aged (460-480 K) conditions, the precipitates are heterogeneously dispersed. The heterogeneous dispersion behavior of the precipitates is very complex and it depends on many factors such as boundaries, precipitation behavior, heating time and temperature, etc. (Anderson, 1959) .
Cleavage fracture with fatigue striations, aged for 5 h at 480 K.
Cleavage fracture, aged for 5 h at 480 K.
Figures 2 to 4 confirm that the fatigue resistance behavior of the alloy increases with the increase in aging temperature and time. The alloy gains its maximum resistance to fatigue failure at 460K when aged between 4 to 5 hours. Further increase in aging time and temperature causes a reduction in the number of cycles to fail. The initial increase in the number of cycles to fail between 320K -460K could be explained by vacancies assisted diffusion mechanism (Onurlu and Tekin, 1994) . In the precipitation heat treatment process, during quenching of the alloy from 793K to room temperature, a super-saturated solid solution is formed which contains a large number of vacancies. At room temperature, as well as at higher temperatures, these vacancies are highly mobile and produce GP zones, which are very rich in solute atoms. At high temperatures (460K to 480K) the density of the GP zone also increases, as a result, a distortion of the lattice planes within the zone and are extended to several atomic layers in the matrix. This distortion of lattice plane causes hindrance to the dislocations movement (Jiang et.al,1990 b) . Therefore the fatigue resistance property of the alloy is improved in the under aged to peak aged temperature. The cond reason for the increase in resistance to fatigue fracture behavior of the alloy is due to pinning and hind angelista ,1996; Jian is due to the coalescence of the precipitates into larger particles, bigger grain size steps when the alloy was over aged.
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, 26(5): A388-A390 se erance of dislocation movement by impurity atoms (Blaz and Ev g et.al, 1991) . Figure 2 to 4 also show a reduction in the number of cycles to fail in this alloy when heated for a longer period of time at higher temperatures. A decrease in the number of cycles to fail above 460 and 480K can be attributed to the coalescence of precipitates into larger particles which cause less obstacles to the movement of dislocations; hence the fatigue failure occurs in a short a period of time.
Conclusion
The fatigue resistance property of 6063 aluminum alloy is very much dependent on the precipitation hardening time and temperature. The initial increase in fatigue resistance behavior is due to an increase in density of the GP zones and distortion of lattice planes both within the zones and in the matrix. It is also due to the increase in the number of atomic impurities which cause hinderance to the dislocations movement. Hence the fatigue resistance property of the alloy is improved. A decrease in the number of cycles to fail in the over aged alloy at 480K, and temperatures above and also due to annealing of defects in the lattices which cause less obstacles to the movement of dislocations. From the experimental work it is concluded that the best precipitation temperature is 460 K when 6063 aluminum alloys is aged between 4 to 5 hours. These conclusions are further supported by the SEM micrographs showing mixed mode of fracture consisting of striations as well as cleavage
